Termites thrive in the tropics and play an important role in lignocellulose degradation. This ability depends mainly on intestine microbes in the gut, but most of them are so-called unculturable microbes, which can not be cultivated by traditional culture methods. The recent development of molecular approaches such as the PCR method has made it possible to access the enormous numbers of unculturable microbes in the gut of termites.
Termites thrive in the tropics and play an important role in lignocellulose degradation. This ability depends mainly on intestine microbes in the gut, but most of them are so-called unculturable microbes, which can not be cultivated by traditional culture methods. The recent development of molecular approaches such as the PCR method has made it possible to access the enormous numbers of unculturable microbes in the gut of termites.
This review explains our research on the ecological role of the termite, the termite-microbe symbiotic system, and the functions of lignocellulose degradation using various molecular methods. In the future, new technologies such as genomics should make it possible to analyze and utilize unculturable microbial resources in natural environments.
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Termites are soil insects that degrade lignocellulose and prosper in the tropics (Fig. 1) . 1) This ability primarily relies on the microbes in the hindgut. The microbes are composed of various bacteria and protists in lower termites. An understanding of intestinal microbes is not enough because most of the dominant microbes in the gut, such as spirochete-shaped bacteria and protists, are difficult to cultivate by cultivation methods. There are quite a few of reports on the isolation and cultivation of bacteria from this microbial flora, but most of the symbiotic protists have been characterized only on the basis of their morphology or structure.
The application of molecular analyses to ecological research has enhanced our ability to understand natural diversity in complex microbial flora. To study dominant unculturable microorganisms in the hindgut of termites, DNA was extracted from microbial flora, and, for example, the genes encoding small subunit ribosomal RNA (16S or 18S rRNA) were PCR-amplified from the DNA and sequenced. These sequence data were analyzed against the databases of rRNA genes to understand the diversity, interaction, and localization of the uncultured microorganisms (Fig. 2) . 2) In this review, I summarize our recent studies of the ecological roles of termites, molecular analyses of the termite-microbe symbiotic system, particularly molecular phylogenetic diversity, and the interactions and functions of the symbiotic microbes in the gut of termites.
I. Termites in the Tropical Terrestrial Ecosystem
Termites are predominant terrestrial soil insects in the tropics and are major decomposers in the detritus food chain. There are three feeding groups of termites; woodfeeders, fungus-growers, and soil-feeders, and they have the different degradation processes.
To the functions of termites in the tropics, the population and biomass of termites in deadwood and litter were investigated in a dry evergreen forest (DEF) in Thailand.
3) Deadwood and litter were collected by the transect method, and then the termites were entirely picked from them. The biomass of the dead plants was approximately 2.5 kg (dry weight) m À2 . The biomass and population of termites in the deadwood were approximately 3.5 g m À2 and 1,300 termites m À2 respectively.
The functions of termites in carbon mineralization have been investigated in DEF in Thailand, measuring the rates of respiration and the biomasses of fungus comb and termite. 4) Termites and fungus combs totally mineralized approximately 11% of carbon in the annual aboveground litterfall (AAL).
Nitrogen fixation in the termite ecosystem has been measured in two tropical forests, a dry deciduous forest and the DEF. 5) Nitrogen fixation by termites was approximately 7-22% of that fixed by termites and free-living fixers. The molecular phylogeny of termites collected in Asian has been also studied, and the results demonstrate the remarkable phylogenetic and functional diversity of termites inhabiting the tropics. 6) These results indicate the critical roles of termites in tropical forests.
II. Structure and Evolution of the Symbiotic System between Termites and Their Symbionts
Termites maintain an anaerobic microbial flora in their gut and are dependent on these microbes for effective digestion of their diet, lignocellulose.
The gut microbes of the so-called lower termites consist of protists and bacteria, but the taxonomic composition of these microbes is unclear due to their unculturability. To elucidate their taxonomic affiliation and phylogenetic relationships, molecular analyses of the gut microbiota have been conducted for both the eukaryotic and the prokaryotic community members. Protistan fauna was analyzed on the basis of 18S rRNA gene sequences obtained by PCR amplification from the gut homogenate of various termite species. [7] [8] [9] [10] [11] [12] [13] The results indicated that the termite gut protists comprised two major lineages, phyla Parabasalia and Preaxostyla, and that they were diversified within each lineage. Oligonucleotide probes were designed for in situ hybridization analysis to detect the protist cells from which the 18S rRNA sequences derived. These analyses enabled us to integrate the traditional taxonomy based on morphology and molecular phylogeny.
Next, the molecular diversity of the bacterial flora in the hindgut of Reticulitermes speratus was analyzed using 16S rRNA gene sequences. 14, 15) Analysis of approximately 1,300 clones suggested that spirochetes were predominant in the hindgut. Clones related to the orders Bacteroidales and Clostridiaies, and the novel candidate division Termite Group I (TG1), corresponded to approximately 10% of the total clones. The remaining clones consisted of the phyla Proteobacteria, Actinobacteria, the order Mycoplasmatales, and others. The clones were classified into approximately 270 phylotypes using the criterion of 97% sequence identity; the clones included approximately 100 clostridial, 60 spirochetal, and 30 Bacteroidales phylotypes. Approximately 90% of the phylotypes appeared to be unknown species, and some formed monophyletic clusters with sequences obtained from the guts of other termites. To date, approximately 1,000 phylotypes classified into 22 phyla have been detected from the guts of various termite species without cultivation (Fig. 3) . 16) To compare the bacterial gut flora within and between host termite species, terminal restriction fragment length polymorphism (T-RFLP) and clone analysis of 16S rRNA genes were performed. 16) The results obtained showed that the bacterial flora was extremely similar within each termite genus, while significant variations were found between any two termite genera. Nevertheless, the phylotypes from various termite species formed monophyletic clusters dispersed in diverse bacterial phyla. These results suggest that the majority of the gut bacteria are unique to termites. Since the gut protists are also unique to termites and specific to termite species, it is likely that the gut microbes, consisting of protists and bacteria, are specific symbionts that have coevolved, in the widest sense, with the termite host. 16) Almost perfect codivergence between Pseudotrichonympha protists, their intracellular bacteria, and the termite host has been demonstrated by molecular phylogenetic analysis.
17)
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In situ Hybridization Targeting Specific gene 16S rRNA genes were amplified from the guts of various termites by the PCR method. They were classified into approximately 1,000 phylotypes and assigned to 22 bacterial phyla. The novel candidate phyla TG1, TG2, and TG3 have been primarily detected among termite gut microbes. 16) 16S rRNA gene sequences and FISH analyses showed that TG1 members existed as endosymbionts of various gut protists of termites and also existed in the gut of cockroach, and the bovine rumen. 18) Candidate phylum TG3 exists particularly in the guts of wood-feeding termites. 19) This bacterial group was observed almost always in the hindgut and corresponded to approximate 10% of total bacteria cells.
The novel bacterium assigning to the order Bacteroidales has been discovered as an endosymbiont of the protist Pseudotrichonympha grassii in the gut of the termite Coptotermes formosanus.
20) The bacterium was observed inside the host protist by transmission electron microscopy. Surprisingly, it was found that these Bacteroidales endosymbionts corresponded to 70-80% of total bacterial cells in the microbial flora of the gut. To the significance of this bacterium in the hindgut of the termite Coptotermes formosanus, analyses of the complete genome sequence were performed, as explained later in this review.
It is reported that some bacteria attach to the surface of protists in the guts of termites. [21] [22] [23] [24] Analyses of ectosymbiotic spirochetes of oxymonad protists, including Dinenympha sp. and Pyrsonympha sp., were done and they were identified as members of the Treponema cluster of spirochetes. 21, 22) For a long time, appendage-like structures have been observed in some protists, and they are believed to be spirochetal ectosymbionts or parts of the structure of the protists. It was found that the appendage-like structure was an ectosymbiont belonging to the order Bacteroidales, and this bacterium was proposed as a novel genus and species, Candidatus Symbiothrix dinenymphae. 24) Another interesting ectosymbiont is the motility symbiont. The flagellated protist Caduceia versatilis in the gut of the termite moved itself by flagella of ectosymbiotic bacteria, and a novel genus and species, Candidatus Tammella caduceiae was proposed for this motility ectosymbiont. 25) Many intestinal bacteria have been detected in various locations of the hindgut, like free-living cells, endosymbionts, or ectosymbionts associated with protists. Molecular methods have been used to analyze the association between the termite gut wall and microbes. The results indicate that phyla Actinobacteria, Firmicutes, and Bacteroidetes are dominant groups on the gut wall of termites, and many rod-shaped Actinobacteria members existed in the gut epithelium of the termite Reticulitermes speratus. 26, 27) The bacteria composition of the gut wall was almost completely different among the termites at the phylotype level.
These results suggest that various interactions exist between microbes and between host termite and microbes in the hindgut of the termite. It appears that these symbiotic interactions form a symbiotic network exhaustively in the termite gut.
III. Functions of Microbial Community
The lower termites host cellulolytic protists in their guts. Therefore, a cDNA library was constructed to clarify the lignocellulolytic process in the symbiotic protists of the lower termites.
28) The library contains various lignocellulolytic genes of the glycosyl hydrolase family (GHF families 3, 5, 7, 8, 10, 11, 26, 43, 45 , and 62). These results strongly suggest that many glycosyl hydrolases are involved in the protistan cellulose degradation system. The cellulose-binding module (CBM), found in most microbial cellulases, was not detected in these enzymes. The data also indicate that the most prominent enzyme was GHF 7 cellobiohydrolase (GHF7 CBH). SDS-PAGE was performed to analyze the amount of enzymes in the symbiotic protists, and it showed that GHF7 CBH was a major expressed protein in the symbiotic protist system. Therefore, GHF7 CBH is the main enzyme of protists for the degradation of crystalline cellulose, the principal component of wood biomass.
The genes encoding GHF45 cellulase were cloned from the cDNA library of the symbiotic protists of the lower termite by consensus PCR. 29) DNA sequences analysis of the cloned genes showed that the enzymes contained a single catalytic domain, but lacked CBM. The endo--1,4-glucanase gene has also been cloned from a cDNA library of symbiotic protists of the lower termite Coptotermes formosanus, to analyze enzymatic properties.
30) The endoglucanase belonged to GHF5, and no CBM was detected in this enzyme, either. The enzyme expressed in Escherichia coli showed unique properties.
The protist's enzymes lack CBM, but CBM is found in most microbial extracellular cellulases. Therefore, CBM contributes to increasing enzyme activity by increasing the concentration of the enzymes at the surface of the cellulose chains. However, in the symbiotic protists, the wood chips crunched by termites are endocytosed and degraded within the protists. It appears that a high concentration of enzymes is realized inside the protists without CBM and that symbiotic protists become the specific decomposer of biomass in termites.
In the anaerobic metabolism of the termite gut, H 2 emission by intestine protists is a significant issue, because H 2 emission is limited in natural environments. Two Fe hydrogenase genes have been obtained, and the expressed enzymes were analyzed for H 2 evolution. 31) The large enzyme showed a unique phylogenetic lineage among eukaryotic Fe hydrogenases, whereas the small one was monophyletic with those of other protists in termites. The enzymes had different properties, except for the property of catalyzing H 2 evolution preferentially. Strong H 2 evolution was supplemented by strong H 2 uptake of the endosymbionts of the protists, suggesting that the protists were a treasure house of novel Fe hydrogenases, and that H 2 evolution in the termite gut has been underestimated.
The deadwood is a good diet but a poor nitrogen source for termites. The nitrogen nutrition of termites is supported by nitrogen-fixing symbionts in their guts. Hence, the diversity of N 2 fixation genes in the microbe flora of a lower termite has been analyzed without using the culture method.
32) The nifH gene, which encodes a dinitrogenase reductase, is a key gene in the nitrogen fixation pathway. Hence nifH genes were amplified from DNA isolated from gut microbe mixtures, and then the amplified fragments were cloned and characterized. Phylogenetic analysis showed that diverse nitrogenase genes were distributed in the hindguts of termites. The dominant nifH genes were related to those of a firmicute, Clostridium pasteurianum, and some were related to those of the domain Archaea.
It is also reported that various nifH genes have been detected in the termite gut, but the compositions were not similar among termite species. 33) The dominant nifH genes belonged to the alternative nif methanogen group or the anaerobic nif group in lower termites. On the other hand, almost all the nifH genes belonged to the methanogen nif group in higher termites.
To the regulation of the nifH gene in the termite gut, nifH cDNA was constructed from microbes in the gut by RT-PCR. 34) The results showed that a few anf genes (which encoded an altanative nitrogenase) were predominantly expressed in the gut, and the anf genes showed novel features in the expression mechanism and the gene structure.
The methanogens are present in the hindgut of termites, and they play significant roles in making methane from CO 2 and H 2 during lignocellulose degradation. It appears that several methanogens associate with protists such as Dinenympha or Microjoenia in the gut, and that some attach to the gut epithelium. Molecular phylogenic analysis showed that termite methanogens belong to the genus Methanobrevibacter and that some of them correspond to yet unculturable novel groups. 35, 36) The methanogens associated with the protists were different from the methanogens attached to the gut epithelium phylogenetically. These results suggest that diverse methanogens are distributed and localized in the termite hindgut and that they are probably engaged in crucial functions removing H 2 and CO 2 from the digestion processes of lignocellulose, that is, promoting the degradation process of lignocellulose.
Alkaliphiles grow well at pH 10-12 and have been isolated from various environments. 37) Alkaline environments are also found in the intestines of certain insects. Soil feeders, one of higher termites, have an alkaline region (pH 10-12) in the gut. 38) The bacterial diversity of the P1 region of the soil feeders was analyzed by phylogenetic analysis using 16S rRNA genes or T-RFLP method. 39) The results suggested that the bacterial diversity of the P1 region is unique as compared with the rest of the guts. Partial 16S rRNA gene analysis indicated that Firmicutes such as Clostridia or Bacilli are predominant in the P1 regions of all soil feeders; almost all formed phylogenetic clusters unique to termites. These results indicate that the alkaline gut region of soil feeders is a rich reservoir of novel alkaliphiles. Köhler et al. found that Planctomycetes in the gut of soil feeders and Planctomycetes constituted approximately 30% of the total bacteria in the alkaline region. 40) Their analyses suggest that the planctomycete clusters are real symbionts of termites, and are perhaps engaged in the digestion of soil macromolecules such as rotten wood and humus.
It appears that the symbiotic system between host termites and symbiotic microbes contributes greatly to the digestion of lignocellulose. To determine the host's role in symbiotic interactions, expressed sequence tag (EST) analysis of host termites was performed to search for genes related to the symbiotic interactions with microbes. 41) The digestive organs, such as the salivary gland, foregut, midgut, and hindgut, were removed from the termite Hodotermopsis sjostedti and used in further research. cDNA libraries isolated from the salivary gland and the foregut contained genes related to the degradation of cellulose, hemicellulose, and chitin, and genes of the antimicrobial system. These results indicate the importance of host digestive organs not only for the partial digestion of biomass, but also for the bio-defense and the preservation of the intestine microbial flora.
IV. Aromatic Compound Degradation by Symbiotic Bacteria Isolated from Termite
Aromatic compounds and biphenyl moieties are expected to be abundantly present in the hindgut of termites. In fact, several bacteria have been isolated from termites, and the bacteria had the ability to degrade chlorinated aromatic compounds, phenylalkanoic acids (breakdown products of lignin), phenol, and steroids. [42] [43] [44] [45] [46] [47] [48] [49] For example, Rhodococcus erythropolis TA421 and TA431 isolated from termites co-metabolized polychlorinated biphenyls (PCBs). [42] [43] [44] Strain TA421 had seven bphC genes that encoded 2,3-dihydroxybiphenyl dioxygenase. Analysis of strain TA421 and of strain TA431 showed that they contained large, linear plasmids and some of bphC genes located on the plasmids. These results suggest horizontal gene transfer of the genes for PCB degradation in the gut of termites.
Comamonas testosteroni TA441 was isolated from termites and degraded several aromatic compounds as sole carbon and energy sources. [45] [46] [47] [48] [49] Strain TA441 degraded testosterone and steroids, and the degradation pathway was analyzed in detail. [47] [48] [49] Two gene clusters for steroid degradation were characterized in strain TA441. Strain TA441 degraded testosterone via aromatization of the A ring, and cleavage of the ring by enzymes encoded in these genes. These results should contribute to the bioconversion of steroid compounds in the future.
V. Symbiotic Termitomyces of FungusGrowing Termites and Their Functions
Fungus-growing termites (subfamily Macrotermitinae) have efficient digestion systems for plant litter due to their symbiotic basidiomycete fungi of the genus Termitomyces in their nests. In the nest, the symbiotic fungi form fungus combs derived from primary feces (the undigested dead plant) of host termites. After Termitomyces grows, the fungus comb, fungal nodules, and digested dead plant feeds nutrition into the host termites. Therefore, the symbiotic fungi appear to be crucial to the efficient degradation of dead plants and to make a large contribution to carbon cycling in the tropics.
To study the diet treatment in fungus-growing termites, chemical composition of the foodstore, the young part of the fungus comb, and the old part of the fungus comb were analyzed. 50) The results suggested that symbiotic fungi processed fungus combs to degradable food for the termites.
To analyze functions of symbiotic fungi, EST and subtractive analysis of symbiotic Termitomyces have been performed. 51) The subtractive analyses was per-formed between the symbiotic condition (fungus comb) and the non-symbiotic condition (PDA medium). More than 2,600 ESTs were analyzed, and approximately 1,600 nonredundant tentative consensus sequences were obtained. Approximately 60% of them were similar to well-known protein sequences. Many sequences homologous to the genes related to dead plant degradation were detected, and most of them encoded putative pectinolytic enzymes. It appears that symbiotic fungi preferentially remove pectin from plant materials to process holo-cellulose for the termite diet. Real-time quantitative RT-PCR analyses indicated that putative stress response genes were expressed at high levels under symbiotic conditions. These results suggest that this symbiotic interaction causes stress on fungi. The EST database appears to have significant value for future research into the symbiosis between fungi and fungus-growing termites.
It appears that during fungus-comb aging, phenoloxidizing enzymes are involved in the degradation of phenolic compounds.
The enzymes involved in this symbiotic system have been studied in detail. 52, 53) No peroxidase activity was detected, but laccase activity was dominantly detected in all fungus combs. cDNAs of the laccase genes were amplified from RNA extracted from the fungus combs, and putative laccase cDNA sequences were obtained and analyzed in detail. Analysis of the laccase purified from the fungus combs showed that the lcc1-2 gene product was a main laccase in the fungus comb. Surprisingly, pseudo-laccase genes were also cloned in all symbiotic fungi, and these genes were expressed at high levels, suggesting that the gene products probably played roles in the phenol degradation of the deadwood. The study on symbiotic fungi should afford useful hints as to make holo-cellulose from plant materials in the future.
VI. Genome Analysis of Uncultured Symbionts
The symbiotic microbial flora of termites consist of various microbes, most of which are unculturable. Hence, the symbiotic system remains unclear. Genomic analyses of unculturable microorganisms appear to be a strong approach to this issue.
Warnecke et al. reported metagenomic and functional analyses of the bacterial flora in the gut of a higher termite. They found a huge, diverse set of bacterial genes essential to the degradation of dead plant materials. 54) Almost all the genes were expressed in vivo, and many gene products showed enzyme activity in vitro, for example, cellulase activity. Metagenomic analysis showed the significant roles of spirochete and fibrobacter in the degradation of lignocellulose. Many functions, including H 2 evolution, reductive acetogenesis, and N 2 fixation, were also detected by this metagenomic analysis.
Genomic analyses of uncultured endosymbionts in the protist of termites have been performed. One was a genomic analysis of uncultured TG 1 bacteria in a single host protist cell. 55) To obtain the full genome sequence, Rs-D17 cells were collected from a single host protist cell to minimize genomic variations and isothermal whole-genome amplification was used to amplify whole DNA. This strategy enabled us to reconstruct a circular chromosome (approximately 1.1 Mb) that contained 761 putative genes and many pseudogenes. The results indicated that the Rs-D17 genome was under reductive evolution, but the Rs-D17 cell had functions of producing various amino acids and cofactors. It appears that this bacterium plays a central role in providing nitrogen compounds to host protists and termites.
Termites have a symbiotic relationship with gut nitrogen-fixing bacteria supplying nitrogen compounds, because wood as food for termites is carbon-rich but nitrogen-poor. Lilburn et al. reported that spirochetes, Treponema ZAS-9, in termite guts contained homologs of a nitrogenase gene (nifH) and showed enzyme activity. 56) The full genome sequence of the nitrogen-fixing endosymbiont that existed within the protist of termite hindgut has been determined. 57) The nitrogen-fixing endosymbiont was an uncultured Bacteroidales endosymbiont of a cellulolytic protist (Pseudotrichonympha grassii), which constituted approximately 70% of total bacterial cells in the hindgut of the termite Coptotermes formosanus.
20) The functions as determined by annotation of all the ORFs of the chromosome (approximately 1.1 Mb) exhibited abilities for N 2 fixation, recycling of nitrogen waste, and mono-saccharide utilization such as glucose and xylose. Thus nitrogen fixation and cellulolysis were coupled within the single protist cell. This advanced symbiotic system probably provides termites with the ability to utilize deadwood as their sole diet.
Genome analysis shoud become a good tool to clarify the functions and the interactions not only in the symbiotic system of termite hindguts but also in natural microbial communities.
VII. Concluding Remarks
The study of the symbiotic system in the termite gut has been difficult because more than 99% of microbes in the gut are difficult to cultivate by traditional techniques, and hence are called unculturable microbes. Molecular approaches have made it possible to analyze the microbial community of the termite gut.
There are numerous complex interactions between microbes in the hindgut of the termite. It appears that these symbiotic interactions form the symbiotic network in the gut and contribute greatly to the effective degradation of lignocellulose. On this point, a recent review is valuable to understand the termite symbiotic system in detail. 58) In the future, it should become possible to characterize the in situ location of individual cells and their interactions, and to access their total metabolic functions by powerful research techniques such as genomics, metagenomics, and metabolomics. To analyze the symbiosis within the termite gut, the structure and functions of the gut community should be characterized exhaustively in various species of termites.
Plant cell wall consists mainly of cellulose, hemicellulose, and lignin. Several microbes were obtained from the termite ecosystem, that degraded various aromatic compounds, but analyses of cDNA libraries from host termites and symbiotic protists showed few genes related to lignin degradation. The lignin of deadwood possibly becomes humus through chemical or microbial processes in natural environments. If so, it is critical to the formation of fertile land in the tropics that termites cannot degrade the lignin of dead plant.
Considering the greenhouse effect, scientists must be involved in finding alternative fuel sources. One of the latest explored areas is bio-energy produced by microbes, and one candidate carbon source is lignocellulose. In the future, it should be interesting to harness lignocellulose as a carbon source for bio-ethanol production using the termite's effective digestive system.
A large number of unculturable microbes have been observed in various natural environments, including termite ecosystems. Figure 4 shows the concepts of unculturable microbes and culturable microbes and their relationships. There are various environments, and each environment consists of a large number of unculturable microbes and a small number of culturable ones. It appears that unculturable microbes adapt to only one specific environment (the obligate symbionts to one special environment), but cannot adapt to other environments. On the other hand, a few culturable microbes adapt to various environments. Therefore, culturable microbes appear to be shuttle microbes that connect various environments, and probably play an important role in transporting genetic information to various environments. In the future, the development of new technologies such as genomics should make it possible to analyze and utilize the huge unculturable microbial resources in the various natural environments that are rich in novel microbes, enzymes, and genes. 
